Abstract. Flow vortex shedding from two circular cylinders of different diameters in tandem arrangement is investigated by means of numerical simulations. The two-dimensional Navier-Stokes equations are solved by a fractional step upstream finite element method at a relatively low Reynolds number Re = 100. The studied Reynolds number based on the diameter of the downstream main cylinder. The diameter of the downstream main cylinder was kept constant, and the diameter ratio between the upstream control cylinder and the downstream one was varied from 0.1 to 1.0. The gap between the control cylinder and the main cylinder ranged from 0.1 to 4.0 times the diameter of the main cylinder. It is concluded that the gap ratio and the diameter ratio between the two cylinders have important effects on vortex shedding characteristics from two cylinders of different diameters in a tandem arrangement.
Introduction
Fluid-dynamic interaction between two circular cylinders immersed in a stream is of fundamental importance in fluids engineering, such as chimney stacks, off-shore structures in deep seas, tube bundles in heat exchangers, overhead power-line bundles, bridge piers and chemical-reaction towers, and adjacent skyscrapers. A tandem arrangement of two circular cylinders is a basic example of an array of multiple structures. Most of the reported studies on two-cylinder configurations were concerned with two cylinders of an identical diameter (Ishigai et al.1972 Zdravkovich (1977 Zdravkovich ( ,1987 identified three flow patterns for cylinders of equal diameters in tandem arrangement based on the center-to-center spacing ratio L/D (where L is the distance between the centers of the cylinders and D is the cylinder diameter). (i) For 1<L/D<1.2-1.8, the extended-body regime, where two cylinders are so close to each other that the free shear layers separated from the upstream cylinder overshoot the downstream one, the cylinders behave as a single bluff body. (ii) For 1.2-1.8<L/D<3.4-3.8, the reattachment regime, the shear layers shed from the upstream cylinder reattach to the face of the second cylinder and vortex-shedding is observed only in the wake of the second cylinder. (iii) For L/D>4.0, the co-shedding regime, in addition to vortex-shedding from the downstream cylinder, vortex-shedding from the upstream cylinders is also observed.
In this paper, the flow past two circular cylinders of different diameters is investigated numerically. The aim of this study is to investigate the effects on vortex shedding from the two cylinders of different diameters in the tandem arrangement. The two-dimensional field 
Governing equations and numerical method
The two tandem cylinders considered in this study are shown in Figure 1 . The position of the upstream cylinder can be uniquely determined by the gap ratio G/D and the diameter ratio d/D between the two cylinders. The flow is in the positive direction of the x-axis, θ is an angle in the counterclockwise direction, starting from the positive direction of the x-axis, as shown in Figure 1 .
The two-dimensional Navier-Stokes equations together with the continuity equation are solved by using a finite volume method. The temporal integration used in the present study is of second-order accuracy.
The Strouhal number is defined in terms of the cylinder diameter (D), the free-stream velocity (U), and the frequency ( f ) of the oscillation of the lift coefficient as
The Strouhal number predicted by the present model for Re =100 is 0.167, which is also identical to the numerical result by Baranyi(2004) 
Vortex shedding form two tandem cylinders
The existence of the control cylinder induces significant variations of the mean drag, lift and the mean pressure distribution on the main cylinder. It is believed that these variations are the direct results of the interactions of vortex shedding from both cylinders. Therefore, the understanding of the vortex shedding characteristics from the two cylinders is of fundamental interests to both practitioners and scientists. Figure 2 shows flow past two cylinder with different G/D for d/D=0.3 at Re=100. At this Reynolds number, the boundary layer around the cylinder is laminar. Flow patterns can be classified into two basic regimes: (i) For 0.1<G/D<1.5, the extended-body regime, where two cylinders are so close to each other that the free shear layers separated from the upstream cylinder attach to the shoulders of the downstream one, the cylinders behave as a single bluff body. (ii) For 2.0<G/D<4.0, the reattachment regime, the shear layers shed from the upstream cylinder reattach to the face of the second cylinder and vortex-shedding is observed only in the wake of the second cylinder.
It is expected that shedding of vortices from the cylinders has different modes, depending mainly on the gap between the two cylinders. Generally speaking, there will be two shedding processes from the upstream and downstream cylinders separately and the interactions between the shedding processes will be weak when the gap between the two cylinders is large. When the gap ratio is small enough, it is possible that two separate shedding processes will merge and the two cylinders behave as a single object. The strong shedding interactions are expected at intermediate gap ratios.
Figure. . This is the single bluff body mode, A alternant vortex street can be seen behind the two cylinders. It can be also clearly noticed that the shear layers of the control cylinder attached to the front surface of the downstream main cylinder, and the shear layers of the upstream cylinder are symmetrical about the centerline of two cylinders.
Conclusions
The numerical investigations of the effects of the gap ratio and the diameter ratio on the flow past two tandem circular cylinders at Re =100 are carried out. The instantaneous flow patterns and other quantitative information are obtained, which helps a better understanding of the complex flow characteristics around the cylinders in the tandem arrangement. The major results can be summarized as follows:
The shedding of vortices from two cylinders of different diameters in a tandem arrangement has different modes, depending mainly on the gap ratio and diameter ratio between the two cylinders. Generally speaking, there will be two shedding processes from the upstream and downstream cylinders separately. The interactions between the shedding processes will be weak when the gap between the two cylinders is large. When the gap ratio is small enough, it is possible that two separate shedding processes will merge and the two cylinders behave as a single object as far as shedding from them is concerned. Strong shedding interactions are expected at intermediate gap ratios.
